OBJECTIVES: (1) To compare 2-, 3-and 4-component models of body composition based on total body water (TBW), underwater weighing (UWW), skinfold thicknesses (SF), total body potassium (TBK), dual-energy X-ray absorptiometry (DXA) and total body electrical conductivity (TOBEC); (2) to compare postpartum changes in body composition estimated by the 2-, 3-and 4-component models and (3) to test for an effect of pregnancy or lactation on the hydration, density and potassium content of fat free mass (FFM) in postpartum women. DESIGN: Longitudinal measurements of body composition at 3, 6 and 12 months postpartum. SUBJECTS: Thirty-®ve healthy postpartum women, aged 30.263.5 y. MEASUREMENTS: Body composition was estimated by 2-component models based on TBW, UWW, SF, TBK, DXA or TOBEC; 3-component models based on TBW and UWW (Fuller 3, Siri 3); and a 4-component model (Fuller 4) based on TBW, UWW and bone mineral content. RESULTS: Systematic differences were seen among the various body composition models, with the following ranking from lowest to highest estimate of fat mass (FM): TOBEC, TBW, Fuller 3, Siri 3, Fuller 4, UWW, SF, TBK, and DXA. Estimated changes in FFM and FM were not signi®cantly different among methods, except for the 3±6 months FFM and FM changes estimated from TBW, which differed from SF, DXA, and TOBEC. Pregnancy-induced changes in the hydration, density and potassium content of FFM were not evident by 3 months postpartum (0.7360.02, 1.09960.015 kg/l and 2.3160.10 g/kg, respectively). CONCLUSION: In spite of systematic differences among body composition models for the measurement of FFM and FM, changes in FFM and FM did not differ signi®cantly among the models. Since there was no apparent effect of pregnancy or lactation on the postpartum composition of FFM, 2-component models of body composition are acceptable for use in postpartum women beyond the puerperium.
Introduction
Changes in body composition have important implications in studies of obesity, energy balance, and energy requirements. In spite of systematic differences among body composition models for the measurement of fat-free mass (FFM) and fat mass (FM), 1±7 it is often assumed that changes in body composition can be measured without bias by models that differ systematically. This is not necessarily true. The estimated change in FFM or FM will depend on the validity of the model's underlying assumptions across its operating range for different physiological states. Various body composition models may differ across their measurement range, relative to one another. If the difference between two models for measuring FFM or FM is a function of FFM or FM, then the change in FFM or FM measured by one method will not equal the change as measured by the other method.
In addition, the few studies which have compared changes in body composition by different methods were limited to grossly obese individuals undergoing weight loss. 8±11 Several studies showed that the estimated fat loss differed signi®cantly by method, 9±11 whereas Hendel et al 8 reported similar changes in FM using DXA (Norland) or TBK. However, in the latter study, the DXA scan table was too small for most patients leading to an underestimation of initial weights and FM, and therefore questionable values for the relative loss of FM.
In our studies we are interested in measuring changes in FFM or FM through the reproductive cycle in order to identify factors which predispose women to postpartum weight retention. While it is well recognized that the increased hydration of FFM during pregnancy invalidates standard 2-component models of body composition, 12±14 the appropriateness of their use throughout the postpartum period is uncertain. We recently reported that the hydration and density of FFM had not returned to nonpregnant values by 2 weeks postpartum, and differed between lactating and nonlactating women. 15 Signi®cant errors in the estimation of FM by the 2-component model were seen not only during the pregnancy, but also in the puerperium, compared with a 4-component model which does not assume a constant composition for FFM.
The objectives of this study were threefold. First, we assessed the extent of agreement among 2-, 3-and 4-component models of body composition, based on total body water (TBW), underwater weighing (UWW), skinfold thicknesses (SF), total body potassium (TBK), dual-energy X-ray absorptiometry (DXA), and total body electrical conductivity (TOBEC). Second, we compared postpartum changes in body composition estimated by the 2-, 3-and 4-component models. Third, we investigated whether there was a residual effect of pregnancy or an effect of lactation on the postpartum hydration, density or potassium content of FFM.
Methods

Subjects
Thirty-®ve healthy women, aged 30.2 AE 3.5 y (mean AE s.d.) were admitted to the Children's Nutrition Research Center for longitudinal measurements of body composition at 3, 6 and 12 months postpartum. Ethnic distribution consisted of 29 Caucasian, two African-American and four Hispanic women. Gravidity and parity averaged 2.2 AE 1.2 and 1.7 AE 0.8, respectively. Breastfeeding prevalence was 27/35, 22/35 and 9/35 at 3, 6 and 12 months, respectively. The study was approved by the Baylor Af®li-ates Review Boards for Human Subject Research and informed written consent was obtained from each subject.
Body composition measurements
Body weight and height were measured using an electronic balance (Healthometer, Bridgeview, IL, USA) and stadiometer (Holtain Limited, Crymych, UK), respectively. Stadiometer calibration was checked weekly.
Skinfold thicknesses were measured in duplicate to the nearest 0.5 mm using Lange calipers (Cambridge Scienti®c Industries, Cambridge, MD, USA) at the following sites: biceps, triceps, subscapular and suprailiac. 16 Anthropometric measurements were made by a single investigator. Body density was calculated from the logarithm of the sum of the four skinfold thicknesses using the age-gender-speci®c equations of Durnin and Womersley.
17 FM was then calculated from body density using the Siri equation. 18 TBW was determined by dilution of an orally administered dose of deuterium oxide (40 mg 2 H 2 O/ kg). Hydrogen gas was generated from undistilled saliva samples by zinc reduction in reaction vessels. 19 ,20 2 H abundance was measured by gasisotope-ratio mass spectrometry (Delta-E, Finnigan MAT, San Jose, CA, USA). Deuterium dilution space was calculated from baseline and 4±6 h postdose saliva samples by the plateau method and converted to TBW by dividing by 1.04, to account for hydrogen exchange with nonaqueous body constituents. FFM was calculated from TBW using the FFM hydration constant of 0.73. 21 FM was the difference between body weight and FFM.
Body density (D b ) was measured with an UWW system utilizing`force cube' transducers (Precision Biomedical Systems, Inc., State College, PA, USA). 22 Body volume was corrected for residual lung volume measured by the simpli®ed nitrogen washout method. 23 The technical errors for FM were computed ignoring any biological changes from measurements made twice within 2±3 weeks on ten adults, whose absolute weight change was 0.63 AE 0.33 kg between measurements. 27 The technical error estimates the magnitude of the error for a given measurement and is de®ned as: 
Statistical analysis
Values are reported as means AE s.d. Minitab (release 10X, Minitab Inc, 1995) was used for data description and statistical analysis. FFM and FM estimated by nine body composition models at three time points (3, 6 and 12 months postpartum) were compared using repeated measures ANOVA (release 7, BMDP Statistical Software, Inc., 1992). Changes in FFM and FM by the nine body composition models were compared at two time intervals (3±6 months and 6±12 months postpartum). Signi®cant interactions between model and time were encountered with all subsets, therefore, the data were subdivided by time points or time intervals, and reanalyzed using repeated measures ANOVA, followed by Bonferroni correction for multiple comparisons at the 5% level. Differences between models were assessed using the method described by Bland and Altman. 28 Limits of agreement are de®ned as AE 2 s.d. of the mean difference between estimates. For 95% of individuals, differences between estimates obtained by two models should fall within the limits of agreement.
Results
The primary measurements utilized in the body composition models are summarized in Table 1 . These women experienced a signi®cant, linear change in weight averaging 71.22 AE 2.20 kg (range 76.0±4.1 kg) between 3 and 6 months and 70.95 AE 2.44 kg (range 76.1±6.1 kg) between 6 and 12 months postpartum (P 0.001). At each postpartum interval, 20% of the women either remained weight-stable or gained weight. TBW and TBK did not change signi®cantly over time. Body density increased (P 0.001) and BMC declined over time (P 0.05).
Mean FFM estimated by the nine body composition models is presented in Table 2 and displayed in Figure  1 . In general, the rank order from the highest to lowest estimate of FFM was TOBEC, TBW, Fuller 3, Siri 3, Fuller 4, UWW, SF, TBK, and DXA. Because the differences between models were dependent upon time (ie, a signi®cant interaction was observed between model and time), the models were tested separately at 3, 6 and 12 months. Statistically signi®cant differences between models are designated in Table 2 . FM is described by the nine models in Table  3 and Figure 2 . Statistically signi®cant differences between models are noted in Table 3 . The rank order from the highest to lowest estimate of FM is the reverse of the rank order seen for FFM, since one is calculated from the other.
The mean bias and 95% limits of agreement between paired models for the estimation of FM were calculated at 3, 6 and 12 months and the average of these are summarized in Table 4 . Values for the 18.8 AE 8. mean bias of FFM (not shown) are equal and opposite to those for FM. The 95% limits of agreement are the same. Although the estimations from the nine models were highly correlated (correlation coef®cients ranged from 0.84±0.99 for FFM and 0.95±0.99 for FM), systematic differences were seen for some of the comparisons. Wide limits of agreement between models, indicated that substantial differences were seen between some individual estimates. Changes in FFM computed by the various models are presented in Table 5 . Estimated changes in FFM did not differ signi®cantly between models, except in the case of TBW, which differed from SF, DXA, and TOBEC at the 3±6 month interval. Estimated changes in FM were not signi®cantly different between models, except for TBW which differed from SF, DXA and TOBEC at the 3±6 month interval (Table  6 ). ANOVA tests were repeated with the women grouped according to their weight status (ie, losing or gaining weight). Differences between models or time intervals did not depend on the weight status of the women.
Linear regression of the change in FM estimated by the Fuller 4 model on the change in body weight 
Discussion
In this series of postpartum women, systematic differences were observed among 2-, 3-and 4-component models of body composition. The range of individual variability (as indicated by the s.d. of FM or FFM) was not reduced by the multi-component models. The difference and limits of agreement between models ranged from a minimum of 0.11 AE 0.59 kg to a maximum of 2.65 AE 4.27 kg. In general, the rank order from the lowest to highest estimate of FM was TOBEC, TBW, Fuller 3, Siri 3, Fuller 4, UWW, SF, TBK, and DXA.
Similarities to this rank order of body composition methods have been reported. In a large study of soldiers (223 men, 36 women) signi®cant differences were seen in FM estimated from TBW (lowest value), densitometry and TBK (highest value). 5 Sjostrom 6 found that TBW underestimated FM, compared with TBK and computed tomography in the lower weight range. In an evaluation of DXA (Lunar), TBK, UWW and dual photon absorptiometry (DPA) in 25 healthy men and women, FM measured by DXA was signi®-cantly higher than TBK (5.3%) and DPA (2.4%). 4 In non-obese adults (156 men, 233 women), FM was measured by conventional techniques ( 3 H dilution, UWW, TBK, SF) and newer methods (DPA-Lunar, bioelectrical impedance (BIA), TOBEC). 1 Although highly correlated, estimations of FM were systematically different among the eight models. Mean percentage FM varied considerably, ranging from 26±35% across the various methods. The rank order from highest to lowest estimates of FM (SF-Steinkamp, TBK, DPA, TBW, UWW, SF-Durnin, TOBEC, and BIA) was similar to our ranking. Wellens 7 compared DXA (Lunar), UWW and TBW in 78 men and 50 women. In contrast to our ®ndings, %FM by TBW was signi®cantly higher than %FM by UWW in women, while %FM by DXA was intermediate.
Discrepancies among the 2-component models may be accounted for by several factors. Two-component models assume constant values for the composition of body compartments in converting density, hydration or potassium content to FFM. All methods depend to varying extents on subject state, compliance and proper technique. UWW is highly dependent upon subject compliance. Variations in intestinal gas, residual volume, bone density and water temperature can contribute to the measurement error of body density. UWW is typically associated with errors of 2.5± 3.0%. 7 Errors in the implementation and computations of the TBW method include isotope equilibration within the body, corrections for exchange of label with nonaqueous hydrogen or oxygen, estimation of the hydration of FFM and analytical precision. The technical precision of TBW measurements based on mass spectrometric determinations of deuterium or 18 O is estimated as being between 1 and 2%. 29 Errors associated with TOBEC measurements include calibration, body geometry, body movement, temperature and humidity control; the precision has been reported to be less than 1%. 30 Several factors such as age, sex, obesity and physical ®tness may in¯uence the potassium content of FFM. Precision of TBK counters range from 2±5%. 31 Prediction of FM from skinfold thickness has inherent assumptions regarding the subcutaneous and internal distribution of body fat, the hydration of tissues, skin thickness and skinfold compressibility. DXA measurements depend largely on the differential photon attenuation coef®cients of lean and fat tissue, and are therefore less dependent on the assumption of constant hydration and density of FFM. However, the validity of the calibration phantoms and effects of beam hardening do affect attenuation determination. Reported precision for lean tissue and percentage FM by DXA ranges from 0.8±1.6%, and 2.0±6.9%, respectively.
32
Although 3-and 4-component models minimize assumptions regarding the composition of FFM, there is concern that errors arising from the individual techniques might propagate to produce a large error in the ®nal estimation of FM. Fuller 2 compared 3-and 4-component models against DXA (Lunar), UWW, TBW, skinfold thicknesses, whole body impedance, TBK and near infrared interactance in men and women. DXA predicted 3-and 4-component models slightly less well than UWW or TBW. This is to be expected, because UWW and TBW are not independent measures of FFM, but are part of the 3-and 4-component models. Individual measurement errors were not substantially additive, and the overall measurement errors for FM and FFM amounted to only about 1% of body weight, largely due to the measurement of body water and body volume. Friedl et al 33 also evaluated the reliability of FM from multi-component methods in 10 soldiers. Errors of single measurements were not additive in multi-component models; the within-subject s.d.s were AE 1.0 and AE 1.1 for percentage body fat using 2-and 4-component models, respectively. We too found that the technical errors for the multi-component models were not additive. Technical errors calculated for the 3-and 4-compoent models were between 2±3%, compared with 1±4% for the 2-component models.
In theory, multi-component models used to determine changes in body composition should perform better than 2-component models, since the biological phenomenon under investigation may induce changes in the composition of FFM, as in this study. The 3-and 4-compoent models should reduce errors due to biological variation in the composition of FFM between individuals or within individuals over time. Contrary to our expectations, the systematic difference seen among body composition models did not carry over to the estimation of changes. Changes in FM or FFM did not differ by the various body composition models, with the one exception of the standard TBW method, in which use of a constant hydration factor yielded greater, more variable changes at the 3±6 month interval.
In our previous publication, we cautioned that the use of 2-component models with standard constants could result in signi®cant errors both during pregnancy and at 2 weeks postpartum. The fractional hydration of FFM was still elevated (0.75 AE 0.02) in the immediate postpartum period. 15 The present data suggest that by 3 months postpartum, the relative composition of FFM had returned to within the normal range. 2,6,34±36 No differences were seen between lactating and nonlactating postpartum women. Mean fractional hydration and density of FFM were 0.73 and 1.098 kg/l, respectively. In healthy adults, the density and fractional hydration of FFM estimated by Fuller 4 model were 1.1015 AE 0.0073 kg/l and 0.7382 AE 0.0213 kg/l, respectively, and did not differ by gender. 2 Heyms®eld et al 34 used a 4-component model to derive density (1.096 AE 0.007 kg/l) and fractional hydration (0.739 AE 0.018) of FFM and also found no gender differences. Catalano 12 reported a mean hydration constant of FFM of 0.739 in 10 women at 9.4 AE 4.2 months postpartum, in contrast to 0.762 in late gestation. In our study the potassium content of FFM averaged 2.29 g/kg or 58.5 mmol/kg. This ®nding challenges the classical value for the potassium content of FFM (68.1 mmol TBK/kg FFM), 21 as being too high for women. Our value is in closer agreement with the values reported by Womersley (59.7 mmol/kg), 35 Sjostrom (62 mmol/kg) 6 and Pierson (56±60 mmol/ kg) 36 for women. In spite of systematic differences among body composition models, changes in FFM and FM estimates over time in these postpartum women did not differ signi®cantly among models. Since there was no evidence of an effect of pregnancy or lactation on the postpartum composition of FFM, the 2-component models of body composition are acceptable for use in postpartum women beyond the puerperium.
